Intensity-modulated radiation therapy (IMRT) delivers an excellent dose distribution compared with conventional three-dimensional conformal radiation therapy (3D-CRT) for postoperative radiation including the lymph nodes in breast cancer patients. The TomoTherapy system, developed exclusively for IMRT, has two treatment modes: TomoDirect (TD) with a fixed gantry angle for beam delivery, and TomoHelical (TH) with rotational beam delivery. We compared the characteristics of TD with TH and 3D-CRT plans in the breast cancer patients. Ten consecutive women with left breast cancer received postoperative radiation therapy using TD including the chest wall/residual breast tissue and level II-III axial and supraclavicular lymph node area. Fifty percent of the planning target volume (PTV) was covered with at least 50 Gy in 25 fractions. TD, TH and 3D-CRT plans were created for each patient, with the same dosimetric constraints. TD and TH showed better dose distribution to the PTV than 3D-CRT. TD and 3D-CRT markedly suppressed low-dose spread to the lung compared with TH. Total lung V5 and V10 were significantly lower, while V20 was significantly higher in the TD and 3D-CRT plans. The mean total lung, heart and contralateral breast doses were significantly lower using TD compared with the other plans. Compared with 3D-CRT and TH, TD can provide better target dose distribution with optimal normal-organ sparing for postoperative radiation therapy including the chest wall/residual breast tissue and lymph node area in breast cancer patients. TD is thus a useful treatment modality in these patients.
INTRODUCTION
Recent developments in chemotherapy have improved the disease-control rate among breast cancer patients. However, the rate remains unacceptably low in some high-or unfavorable-risk groups, including younger patients and patients with triplenegative subtype, multicentric breast cancer, positive surgical margins and lymph node involvement. Patients with positive lymph nodes are often recommended to receive postoperative radiation including the lymph node area [1] [2] [3] [4] [5] [6] [7] , which can reduce the risks of both recurrence and mortality in these patients [1] .
Patients with positive lymph nodes usually receive radiation therapy to their ipsilateral chest wall/residual breast, and axillary and supraclavicular lymph node areas. However, there are several problems with treatment planning for irradiating such wide and complex target volumes using conventional three-dimensional conformal radiation therapy (3D-CRT). First, it is necessary to use a combination of opposed tangential beams for the chest wall and anterior-posterior beams for the lymph node area, resulting in the potential for underdosing at the junction, as well as over-dosing of the areas immediately adjacent to the junction. In addition, this beam arrangement may lead to inaccurate dose distribution around the junction because of daily set-up errors or the patient's breathing motion.
Second, it is difficult to achieve uniform target coverage with optimal normal-tissue sparing using this conventional technique, because the targets vary in depth and are close to radiosensitive organs/normal tissues, such as the lung, spinal cord, heart and contralateral breast. These factors may thus lead to inadequate dose distribution for the planning target volume (PTV), as well as excessive doses to the normal tissues. In addition, it is particularly difficult to manage these problems in Japanese/Asian patients, who have a relatively thin chest wall and small breasts.
Compared with conventional 3D-CRT techniques, intensitymodulated radiation therapy (IMRT) has been reported to afford an excellent dose distribution for postoperative radiation therapy including the lymph node area for breast cancer patients [8] [9] [10] . The TomoTherapy System has been developed exclusively for IMRT, and its use has spread in the last 10 years. It has several unique characteristics, including continuous movement of the couch up to 145 cm with the delivery of radiation, allowing it to treat a long field and thus avoid a field junction. This represents a great advantage in postoperative radiation therapy including the lymph node area in breast cancer patients, which usually involves a field of around 30 cm.
The TomoTherapy System also has two methods of beam delivery treatment modalities: helical TomoTherapy (TomoHelical; TH) and fixed-beam TomoTherapy (TomoDirect; TD). TH is the original beam delivery method used in the TomoTherapy System and provides rotational delivery of a fan beam [11] . Compared with 3D-CRT, TH improves target coverage with better sparing of organs at risk (OAR) in breast cancer patients, including the lung, heart and contralateral breast [12] [13] [14] . However, TH has the disadvantage of increased low-dose spread to the lung, associated with 360°rotational beam delivery.
In contrast, TD uses a fixed gantry angle instead of rotational beam delivery [3, 4] . TD may reduce the low-dose spread of radiation to intact lung tissues in patients with breast cancer, relative to the TH method. In addition, the TD system provides a 1-5 collimator leaf expansion function on the anterior edge of the beams, which helps to deliver the exact prescribed dose to the target by accounting for movement, such as breathing during irradiation [5] . TD may therefore be a more appropriate technique than TH for whole-breast irradiation. Indeed, some planning studies reported an excellent dose distribution of TD for whole-breast irradiation (without the lymph node area).
Two planning studies have compared TD and TH for postoperative radiation therapy targeting the regional lymph node area and chest wall/residual breast in breast cancer patients [15, 16] . In addition, no reports have described the clinical outcomes of such patients following radiation therapy using the TD technique. We considered that the TD technique may offer advantages in breast cancer patients with positive lymph nodes by (i) delivering high target-dose uniformity, (ii) ensuring a better dose-sparing of the lung and heart, and (iii) providing a large field covering the chest wall and lymph node area without a junction. We have therefore routinely used TD for these patients in our institution.
This study aimed to evaluate the utility of TD compared with TH and 3D-CRT for postoperative radiation therapy including the chest wall/residual breast tissue and regional lymph node area in patients with breast cancer. We also report on the preliminary clinical outcomes in terms of the feasibility and toxicity of TD in these patients.
MATERIALS AND METHODS

Patients
We have applied postoperative radiation therapy using the TomoTherapy System for all breast cancer patients in our institution since October 2010. Nineteen consecutive female breast cancer patients received postoperative radiation therapy including the chest wall/residual breast tissue and lymph node area, up to August 2014, including 10 patients with left-sided and 9 with right-sided disease. We included the 10 patients with left-sided disease in this study. Six of the 10 patients had undergone mastectomy and the others had received lumpectomy. Their median age at radiation therapy was 60.5 years (range: 39-75 years). Tumor classification was performed using the 7th edition of the UICC classification system for breast cancers. Their T and N stage were followings; T1N1 (n = 2), T1N2 (n = 2), T2N2 (n = 2), T2N3 (n = 1), T4N1 (n = 1) and T4N2 (n = 2). No patients had distant metastases. All patients gave their written informed consent for radiation therapy and retrospective evaluation of their clinical data. This retrospective study was approved by our institutional ethics committee (TGE01162-024).
Imaging
Computed tomography (CT) images were obtained using a LightSpeed Ultra 8 Slice system (General Electric Healthcare, Pewaukee, WI, USA). Patients were instructed to lie in a supine position with their arms raised above their head using an arm support and to breathe naturally. A 0.5 cm-thick-bolus was applied on the chest wall of patients who had undergone radical mastectomy to deliver the dose at the skin surface. CT images were taken at 2.5-mm intervals.
Contouring
All contours were drawn using Pinnacle 3 (version 9.2; Philips Medical Systems, Eindhoven, The Netherlands) based on the Radiation Therapy Oncology Group (RTOG) Breast Cancer Atlas for Radiation Therapy Planning: Consensus Definitions [17] .
The clinical target volume (CTV) consisted of two parts the chest wall and/or residual breast (CTV breast), and level II-III of the axial and supraclavicular lymph node area (CTV LNs). The tumor bed was also delineated by reference to preoperative CT images, operative notes and surgical wounds. The PTV was generated by adding a 5 mm margin around each CTV (PTV breast and PTV LNs) excluding a 2-mm strip of skin, as well as the lung and heart tissue. PTV ALL was defined as the combined PTV breast and PTV LNs. The PTV ring was delineated at 3 cm around the PTV ALL to suppress the dose outside the PTV. The delineated OAR included the lungs, heart, contralateral breast tissue, thyroid and spinal cord. The CT images and volume contours were transferred to the planning station described below.
Dose prescriptions and constraints
For the planning study, a set of treatment plans using TD, TH and 3D-CRT were generated for each patient based on the CT images acquired for actual treatment performed in the clinical practice setting. One set of CT images was shared for the three plans (TD, TH and 3D-CRT plans). Dose constraints for planning target volume and organs at risk during planning are shown in Table 1 . Fifty percent of the PTV was covered with prescribed dose, 50 Gy in 25 fractions. The first priority of the planning goals was set to deliver >95% of the prescribed dose to >95% of the PTV. Dose-volume histogram (DVH) points were adjusted throughout the optimization to best meet the OAR dose constraints without compromising the PTV coverage mentioned above.
TomoDirect and TomoHelical planning
TD and TH plans were generated using a TomoTherapy Hi-ART planning station (version 4.0, TomoTherapy Inc., WI, USA). All plans were optimized using a jaw width of 2.5 cm and a modulation factor of 2.0, with pitches of 0.25 and 0.287 for TD and TH plans, respectively. The dose calculation grid size was set to 'fine'. The same parameters for dose calculation were initially used for both TD and TH plans and then modified during plan optimization.
TomoDirect planning
A representative TD plan is shown in Fig. 1a . For PTV breast, the paired tangential beam angles were first determined based on a technique for a conventional linear accelerator. The beam angles were arranged to include the PTV and to minimize the doses to OARs. An additional four beams were then generated with modified gantry angles of ±5°from the original tangential beam set. For PTV LNs, four anterior beams and one posterior beam were used. To avoid a field junction, one of the six beams for PTV breast was shared with one of the four anterior beams for PTV LNs (Fig. 1b ).
TomoHelical planning
A representative TH plan is shown in Fig. 2 . To avoid low-dose spread to the lung, we applied dose-limiting volumes (DLVs) for the right breast, lung and 2 cm-expanded spinal cord, excluding the PTV ring. The DVLs were defined as 'blocking' the beam on the entrance side (a directional block) but not the exit side.
Three-dimensional conformal radiation therapy planning 3D-CRT treatment plans were generated using Pinnacle 3 (version 9.0; Philips Medical Systems). The plans consisted of anteriorposterior beams for PTV LNs and opposed tangential beams for PTV breast. Both sets of beams were arranged to match at the line of the lower edge of the clavicle head, using a half-beam block. Using the field-in-field technique, four sub-fields were applied for PTV breast and two for PTV LNs, to improve the dose distribution. A dose of 50 Gy was prescribed for each dose reference point for PTV breast and for PTV LNs. Each dose reference point was arranged to cover 95% of the PTV with 95% of the prescribed isodose line.
Treatment plan evaluation
The dose distribution and dose volume parameters for the PTV ALL and OARs in the TD plan were compared with those for the TH and 3D-CRT plans, respectively. We evaluated the D50%, D90%, D95% and Dmean of PTV ALL. To characterize the dose distributions to the targets, the heterogeneity index (HI) was defined as PTV ALL (D2%-D98%)/D50%. The V5, V10, V15 and V20 for the ipsilateral, contralateral and total lung and their mean doses were evaluated. We also evaluated the V15, 25, 30 and 35 Gy for the heart, D1ml and Dmean for the contralateral breast, maximum dose to the spinal cord and maximum dose and V5 to the body. Dose parameters of the three plans were compared using Wilcoxon's signed-rank test. A P-value of <0.05 was considered statistically significant.
Patient characteristics and clinical outcomes were evaluated retrospectively. TD plans were applied in 9 of the 10 patients, and the remaining patient was treated by the TH plan.
RESULTS
Representative dose distributions of the TD, TH and 3D-CRT plans are shown in Fig. 3 . The mean dosimetric parameters of the three plans in the 10 patients are summarized in Tables 2 and 3 . Cumulative dose-volume histograms for the three plans are shown in Figs. 4-10.
Target volume
There were no significant differences in average D95% and D90% of PTV ALL among the TD, TH and 3D-CRT plans, because the treatment planning goals were all defined to achieve D95% > 95% of the prescribed dose ( Table 2 and Fig. 4 ).
The average D50, Dmean and HI for PTV ALL were similar in the TD and TH plans, but significantly higher in the 3D-CRT plans. The 3D-CRT plan involved excessive radiation above the prescribed dose of 50 Gy to achieve the PTV coverage defined as the planning goal ( Fig. 4) . Compared with the TD and TH plans, the standard deviation (SD) of PTV ALL was greater for 3D-CRT, indicating large inter-individual differences ( Fig. 5 ).
Dosimetry of organs at risk
Cumulative dose-volume histograms for OARs in the three plans are compared in Figs 6-10, and the mean dosimetric parameters are summarized in Table 3 . Total lung TD and 3D-CRT plans showed better dose sparing (< 17 Gy) of the total lung compared with TH ( Fig. 6 and Table 3 ), but the TH plans spread a higher dose distribution. The total lung V5 and V10 were significantly higher in the TH compared with the TD and 3D-CRT plans, and V20 was significantly higher in the TD and 3D-CRT plans. The mean total lung doses for TD, TH and 3D-CRT were 7.84 ± 1.09, 12.88 ± 1.45 and 8.67 ± 1.48 Gy, respectively. TD had the lowest mean lung dose of the three plans. The dose distribution and parameters for the ipsilateral lung were similar to those for the total lung ( Fig. 7 and Table 3 ).
Contralateral lung
There were apparent differences in the contralateral lung between TH and the other two plans ( Fig. 8 and Table 3 ). The dose to the contralateral lung was reduced to nearly 0% in the TD and 3D-CRT plans, while the TH plan did not spare the contralateral lung. The TD and 3D-CRT plans showed significantly lower contralateral lung V5-V20 and Dmean values compared with TH.
Heart
The TH plan spread a higher dose distribution to the heart, while the TD plan delivered a lower dose, as in the lung ( Fig. 9 and Table 3 ). The 3D-CRT plan showed a similar pattern of dose distribution to the heart as the TD plan, but the irradiated volume of the heart was higher in any dose area compared with TD.
The heart V30 values were 12.39 ± 5.0, 20.22 ± 5.95 and 17.47 ± 6.86 Gy in the TD, TH and 3D-CRT plans, respectively. V15, V25 and V30 were significantly lower in the TD compared with the other plans. Similarly, the mean heart doses were 8.54 ± 2.79, 21.09 ± 2.62 and 11.19 ± 3.55 Gy in the TD, TH and 3D-CRT plans, respectively, and were significantly lower in the TD compared with the other plans. PTV = planning target volume, TD = TomoDirect, TH = TomoHelical, 3D-CRT = three-dimensional conformal radiation therapy, SD = standard deviation, Dx% = percent dose received by ≥x% of volume (minimum dose covering x% of the concerning volume), Dmean = mean dose, HI = homogeneity index derived by (D2%−D98%)/D50%. a Significant overdose compared with 3D-CRT (P ≤0.05); b significant overdose compared with TH (P ≤0.05); c significant overdose compared with TD (P ≤0.05). Italic letters indicate significant differences.
Contralateral breast
The TD plans showed a lower dose distribution to the contralateral breast ( Fig. 10 and Table 3 ). V5 was significantly higher in the TH compared with the other two plans. D1ml, representing the maximum dose to the contralateral breast, was significantly higher in the 3D-CRT compared with the other two plans. The mean doses were 1.11 ± 0.41, 5.24 ± 1.32 and 2.09 ± 0.80 Gy in the TD, TH and 3D-CRT plans, respectively, with TD showing the lowest mean dose to the contralateral breast. 
Other tissues
TH and TD showed comparable maximum doses to the spinal cord and body ( Table 3 ). The maximum dose of the 3D-CRT plan to the spinal cord was significantly higher than those of the other two plans. Low-dose exposure to the body (V5) was highest in the TH plan.
Clinical outcomes
The median follow-up time among the 10 patients was 43.9 months (range: 21.8-67.2 months). Nine of the 10 patients in the current study were treated with almost identical TD plans. None of the 10 patients had grade ≥3 acute toxicity. No patients experienced radiation pneumonitis or exclusive local recurrence. Two patients finally developed regrowth of the lymph nodes inside the radiation field, but had already developed multiple bone, lung and/or liver metastases at least 6 months before in-field recurrence.
DISCUSSION
The present study demonstrated the usefulness of TD for postoperative radiation therapy targeted to the chest wall/residual breast tissue and lymph node area in patients with left-sided breast cancer. TD showed better dose sparing to the lungs, heart and contralateral breast than 3D-CRT, while maintaining adequate dose coverage to the PTV. TD plans also apparently regulated low-dose spread to OARs compared with TH plans.
In line with our study, Jones et al. [15] also concluded that fixed-beam TD using 11 beam angles may provide high-quality dosimetry compared with HT targeted to the affected chest wall/ residual breast tissue and lymph node area for patients with leftsided breast cancer. Other studies also presented the dosimetric advantage of fix beam IMRT over rotation beam IMRT [18] . Compared with the doses in the planning study by Jones et al., doses to OARs such as the contralateral breast and lung were relatively higher in the present study. The difference may be attributed to careful contouring of the target and OARs. In their study, the contour of the lymph node area was modified individually from the patients' CT images [15] . Previous studies showed great variabilities in intra-and inter-observer target and OAR contouring for breast irradiation, even for experienced radiation oncologists [19] [20] [21] [22] , resulting in clinically and dosimetrically significant differences [12] . The RTOG consensus contouring atlas was established to address these issues [13, 14] . In our study, target contouring was carried out according to the RTOG atlas, and each plan achieved its planning goal for sufficient dose distribution to the PTV.
To the best of our knowledge, this was the first planning study to use strict contouring based on the RTOG atlas for postoperative radiation therapy including the regional lymph node area in patients with breast cancer, using TD and TH modes. The results suggested that TD plans were clinically feasible, with acceptable short-term clinical outcomes, indicating that TD may be suitable for clinical application in these patients. Since the number of patients in the current study is too small for definitive conclusions, further study with a larger group of patients is required to demonstrate clinical application of TD.
Jones et al. [15] also reported that the average duration of TD plan using 11 beam angles was 10.3 min. The average duration in our study was 8.7 min (range, 7.9-9.8; data not shown) despite the fact that we used a similar number of beams as in their study. A shorter treatment time is safe and desirable for immobilization of patients during treatment.
Qi et al. [16] compared Elekta volumetric modulated arc therapy (VMAT), TH, TD and 3D-CRT for advanced left-sided breast cancer requiring regional nodal treatment. Their study showed that the VMAT and TH plans offer certain dosimetric advantages over TD. Similar results have been reported in other studies [23] . Consistent with our findings, they described that TD showed better dose sparing of the right lung and breast, and provided a shorter delivery time compared with the other plans. However, in contrast to our study, significantly greater heart sparing was found in rotational delivery techniques, such as VMAT and TH, than in TD [16] . We suggest that this difference may be caused by two possible factors. First, the body shape is quite different between Western and Asian women. Second, the lymph node area in the study by Qi et al. [16] included the internal mammary node, which is close to the heart. These differences may explain the higher dose distribution to the heart when using TD than when using VMAT and TH in their study. They concluded that it is important to judiciously select an appropriate delivery technique specifically for patients with certain risk factors to provide individualized care [16] . We agree with their recommendation.
The present results showed that both TomoTherapy plans (TD and TH) had better target-dose distributions than 3D-CRT. TomoTherapy demonstrated several advantages over 3D-CRT, Fig. 9 . Dose-volume relationship for whole heart. The dose distribution to the heart was significantly lower in TD compared with the other plans. TD, TomoDirect; TH, TomoHelical; 3D-CRT, three-dimensional conformal radiation therapy. The green, blue, and orange areas indicate the standard deviations. Fig. 10 . Dose-volume relationship for contralateral breast. TD showed the lowest mean dose to the contralateral breast. TD, TomoDirect; TH, TomoHelical; 3D-CRT, three-dimensional conformal radiation therapy. The green, blue, and orange areas indicate the standard deviations.
including the ability to deliver radiation continuously with no field junction. To avoid dose deficiency at the field junction in 3D-CRT, it is necessary to accept that areas immediately above and below the junction might receive higher doses, resulting in an overdose to the PTV with 3D-CRT. Evaluation of the dose at a field junction is often ambiguous and remains a problem, even using other IMRT methods. TomoTherapy thus offers the advantage of being able to treat a long field, without a field junction.
In addition, TomoTherapy planning (TD and TH) resulted in a D50 and mean dose around the prescribed dose, while 3D-CRT delivered more than the prescribed dose to achieve the planning goal of PTV D95 > 95%. The HI was also significantly better in the TomoTherapy compared with the 3D-CRT plans. IMRT using TomoTherapy thus demonstrates advantages over 3D-CRT in providing a uniform dose distribution over a complex shape of PTV.
Finally, the SD values of DVH for PTV were smaller for TomoTherapy compared with the 3D-CRT plan (Fig. 5) , indicating that plan quality varied more among patients for 3D-CRT compared with TomoTherapy. This suggests that 3D-CRT was less able to adapt to anatomical differences among patients in terms of individual body shape, while TomoTherapy plans demonstrated greater flexibility.
Although the TD and TH plans showed similar target-dose distributions, TD had some advantages in terms of dose distribution to OARs compared with TH. First, TD reduced low-dose spread to normal tissues. Since the development of IMRT, low-dose spread, represented by lung V5, has been recognized as an important factor predicting lung toxicity, in addition to the conventional dosimetric factors such as V20 and mean lung dose [24] [25] [26] . In the current study, TD markedly suppressed V5 compared with TH, with no great increase in lung V20.
Low-dose spread also affects the induction of second primary cancers. Santos et al. estimated the risk of second primary cancer following postoperative radiation therapy for breast cancer and concluded that the lungs and contralateral breast had high lifeattributed risk estimates [27] . Furthermore, Ng and Shuryak reviewed organ-specific second primary cancer risk and showed that breast tissue had a much higher estimated relative risk than other organs [28] . In a study of women who received radiation therapy for breast cancer between 1985 and 1999, Stovall et al. showed that the risk of secondary breast cancer in the contralateral breast was increased in women younger than 40 years who received >1.0 Gy maximum dose to the breast tissue [29] . These results suggest that low-dose spread should be avoided as much as possible. In the current study, TD reduced the dose to contralateral breast tissue compared with either TH or 3D-CRT.
According to Darby et al., the risk of a major coronary event increased linearly with increasing mean dose to the heart [30] , with a magnitude of risk of 7.4% per gray, with no apparent threshold below which there was no risk. Another study also examined the relationship between the relative volumes of irradiated heart or pericardium and late cardiac toxicity [31] . In the present study, TD significantly reduced the mean heart dose and V30 (or the dose to less than 30% volume of the heart) compared with TH. Recent publications have discussed the evaluation of dose to coronary artery (LDA) and left ventricle (LV) and this is an important issue [32, 33] . The dose constraints were not assigned to LDA and LV in the optimization process of this planning study, and further study is required to assess the superiority of TD or TH for heart.
TD also has the advantage of a leaf expansion function, compared with TH. This technique is exclusive to TD, making it appropriate for chest wall/breast irradiation. Furthermore, TD shares some characteristics of treatment planning with 3D-CRT. The pattern of DVHs and dose distribution of TD resemble those of 3D-CRT, because both modalities use static beams and similar arrangement of beam angles. Given that 3D-CRT has been routinely used for postoperative radiation therapy including the lymph node area in patients with breast cancer, its effects and toxicities are well known, and the equivalent effects/toxicities of TD plans can thus be predicted based on experiences with 3D-CRT plans. In contrast, TH plans have not been widely applied for these patients, and some unexpected side effect might thus occur.
In summary, the advantages of TD over 3D-CRT and TH suggest that TD should be recommended for postoperative radiation therapy including the regional lymph node area in patients with breast cancer. Given that the recurrence risk in patients requiring this type of radiation is relatively high, the benefits of improving dose distribution to the PTV while sparing OARs may be to help prevent locoregional recurrence, improve clinical outcomes and prolong survival.
This study had some limitations. It was a retrospective study with a small number of patients and short follow-up times. However, no patients developed locoregional recurrence or any adverse events >grade 2, including radiation pneumonitis. Further longer-term studies in more patients are needed to confirm these results and establish the role of TD in these patients. Some studies demonstrated a longer favorable clinical outcome of postoperative radiation therapy including the regional lymph node area in patients with breast cancer using fix beam IMRT rather than TD using TomoTherapy [34] . These data support the application of TD to this disease.
In conclusion, compared with 3D-CRT and TH, TD provides better target-dose distribution with optimal OAR sparing for postoperative radiation including the chest wall/residual breast tissue in patients with breast cancer. TD was shown to be clinically acceptable, suggesting that it should be considered as a useful treatment modality in patients with breast cancer and positive lymph nodes. However, further studies are required to clarify the usefulness of TD in these patients.
